Abstract: Long chain aliphatic ester, isopropyl myristate, was synthesized using energy efficient microwave irradiation technique. The iso propyl myristate forms complexes with titanium tetrachloride in different mole ratios. The nature of chemical bonding between the titanium and the ester functionality was investigated by FTIR and NMR spectroscopy. The performance of synthesized complexes with methylalumoxane as co-catalyst for ethylene polymerization was found to depend on the nature of complex and polymerization parameters. Molecular weight and thermal characteristics of polyethylene was also investigated.
Introduction
The discovery of catalyst systems by Ziegler [1] and its further development by Natta [2] [3] [4] [5] has resulted in significant impact in polyolefin production through improvement in heterogeneous catalyst performance and polymerization processes.
The homogeneous soluble ''single-site'' metallocene catalyst systems developed by Kaminisky et al has further broadened the scope of olefin polymerization process & products [6] [7] . The non metallocene complexes are also used [8] [9] for the polymerization of olefins. The non metallocene systems are becoming important class of catalyst systems for further tailoring the performance as well as product characteristics.
The metallocene and nonmetallocene system are also being incorporated on inorganic and organic polymer material to overcome the limitation of soluble catalyst system in olefin polymerization process [10] [11] [12] [13] [14] . Gupta et. al. have used polyethersulfone and poly(methyl acrylate-co-1-octene) as polymeric support for incorporation of titanium species by the reaction with titanium complexes and the resultant catalyst complex were evaluated for the ethylene polymerization [15, 16] . The structure of catalyst has a major influence on the properties of the polymer. Thus by controlling its structure, the properties of the obtained polymers can be tailored.
In the present study, synthesis of unique TiCl 4 complexes was envisaged and application of long chain aliphatic ester was considered. The reason for the choice of long chain fatty acids were the soluble nature of complexes, afforded the study of stoichiometric nature of complexes on the polymerization performance. The long chain ester molecule (isopropyl myristate, IPM), was synthesized using energy efficient microwave irradiation technique and was used for complex formation. The advantage of microwave irradiation over the conventional thermal processes are manifold, namely shorter reaction times, higher yields, improved purity, greater reaction diversity, less amounts of reagents, less amounts of solvents and lower energy requirement. Microwave technology had created a new ambit in synthetic organic chemistry leading to the completely new possibilities in performing chemical transformations [17] [18] [19] [20] .
We have further synthesized soluble titanium complexes of fatty acid ester isopropyl myristate in different molar ratios. The bonding characteristics of titanium cation with carbonyl group of IPM was studied by FTIR and NMR spectroscopy. Ethylene polymerization was carried out using the TiCl 4 .IPM and TiCl 4 .2IPM complex as the catalyst and methylalumoxane as cocatalyst at different Al/Ti molar ratio to understand the effect of catalyst systems on the polymerization efficacy and polyethylene product.
Results and discussion

Isopropyl myristate synthesis
Isopropyl myristate synthesis was carried out using, conventional heating and microwave assisted heating based on esterification reaction of myristic acid and isopropanol in the presence of sulphuric acid as the catalyst (Tab. 1).
Tab. 1. Synthesis of isopropyl myristate through conventional and microwave assisted synthesis.
Temperature
Time (min) Conversion (%)  Thermal  Microwave  60°C  10  10  17  60°C  20  11  27  60°C  30  13  31  80°C  10  12  39  80°C  20  16  59  80°C  30  18  63  100°C  10  32  84  100°C  20  49  95  100°C  30  62  99 The observations from the synthesis are; (1) conversion increases with increasing temperature (2) the conversion increases with time and the most important being (3) the conversion difference between thermal and microwave based synthesis as higher conversion was observed with microwave based method. The progress of the reaction for microwave assisted synthesis is due to the efficient heating of reactants by "microwave dielectric heating" effects, i.e. the reactants directly absorb microwave energy and convert it into heat leading to much higher localized temperatures, resulting in highly energy efficient process. While for conventional synthesis, heat transfer is slow and inefficient for transferring energy into the system from heat source depending on the thermal conductivity of the reactants and reaction vessels. This resulted in 50% higher conversions for microwave synthesis over conventional thermal synthesis. For microwave assisted synthesis at 100°C and 30 min, 99% conversion was achieved and the product was distilled, dried and the purity was determined by the gas chromatography which was 99.5 % wt. To confirm the formation of desired product the elemental analysis was also carried out (Tab. 2.) and the product was used to synthesize titanium complexes. The analytical results are in well agreement with the theoretical values which revealed that the desired product has been formed. 
TiCl 4 Complexes
The complexes of titanium tetrachloride (TiCl 4 ) with isopropyl myristate was synthesized in 1/1 and 1/2 molar ratio of Ti /ester. The variation in molar ratio was carried out in order to understand the coordination between titanium and oxygen of carbonyl carbon belonging to ester moiety. It was also essential to understand the role of long chain alkyl group on this coordination. These complexes were compositionally characterized by the determination of Ti and Cl as wt % as shown in Tab The interesting observation was regarding the physical appearance of the titanium complexes. The TiCl 4 .IPM complex was yellow solid in nature while TiCl 4 .2IPM was yellowish thick liquid.
FTIR Spectroscopy
Fatty acid esters coordinate with Lewis acid sites of TiCl 4 molecule through carbonyl oxygen having high electron density and the complex formation is best studied through FTIR spectroscopy as >C=O stretching frequency is highly sensitive to coordination of oxygen atom with Ti ions [21] . (Fig. 2) by the presence of bands at 381 and 294 cm -1 , respectively [22] .
The interesting observation is the difference in Δν value for the 1:1 and 1:2 complexes. The difference in Δν for TiCl 4 .IPM was 140 cm -1 while for TiCl 4 .2IPM is 105 cm -1 i.e less than 1:1 complex which suggests that coordination of IPM with TiCl 4 is stronger in 1:1 complex rather than 1:2. The reason for this difference can be justified on the basis that in the case of TiCl 4 .IPM complex, owing to the high Lewis acidity of Ti cation, it is able to bind strongly to the carbonyl group of IPM. With the second coordination of >C=O to TiCl 4 , due to the presence of electrons from the first coordination bond, the Lewis acidity of Ti cation decreases. Hence the ability of Ti to form coordinatation bond decreases and therefore the coordination bond is weak (>C=O-Ti-O=C<) compared to the single >C=O-Ti bond. The proposed structures of TiCl 4 .IPM and TiCl 4 .2IPM are shown in Scheme 1 (b) and (c). As titanium has coordination number of 6, TiCl 4 .IPM will exist in dimeric structure. Two isomers are possible, where the IPM can have cis or trans positions [23] . Owing to the bulky nature of IPM, trans isomer will be the probable structure as shown in Scheme 1 (b) and (c). Similarly, for the TiCl 4 .2IPM, cis and trans are possible and because of the steric bulk, trans placement of the IPM should be favoured (Scheme 1,d). 
NMR Spectroscopy
The IPM complexes were subjected to comprehensive NMR analysis to substantiate the complex formation and evaluate the bond characteristics. The 13 C{ 1 H} NMR spectra of IPM were assigned using DEPT-90 and DEPT-135 spectra (Fig. 3) to differentiate between the methine and methylene resonances, respectively. The nuclei of interest were C 1 , C 2 , C 3 , C 4 and C 5 (Scheme 1) which we are supposed to be most sensitive to the complex formation. The methyl carbon of isopropyl group (C 1 ) has been assigned to resonance at 22.3 ppm whereas C 16 (methyl of the side chain) has been assigned to resonance at 15.1 ppm. This is based on the fact that in isopropyl group, there are two methyl group and their resonance peaks will be more intense which is being observed in this case. The methine carbon (C 2 ) has been assigned to the resonance at 67.4 ppm from DEPT-90 (Fig 3(b) ; in DEPT-90 only CH peak is observed) while the carbonyl carbon resonance (C 3 ) has been assigned to 172.7 ppm (Fig. 4 (a) ). The methylene carbon (C 4 ) which is attached to the carbonyl group has been assigned to 35.1 ppm as elucidated from DEPT-135 in Fig. 3(a) .
To resolve the methylene carbon (C 5 ) 2D HMQC and TOCSY spectral analysis was done. The cross-peaks 1, 2 and 4 at 22.3/1.05, 67.4/4.96 and 35.1/2.08 ppm, respectively (Fig. 5 ) are assigned to the 1 H-13 C coupling of the respective nuclei (Scheme 1). Cross-correlation peak II in TOCSY spectrum (Fig. 6) Fig. 4 . The carbonyl carbon (C 3 ) in IPM at 172.7 ppm, while in TiCl 4 .IPM resonance peak was observed at 184.1 ppm and in TiCl 4 .2IPM it was observed at 180.6 ppm. In comparison to the IPM, the resonance peak for C 3 in the complexes have shifted to higher chemical shift indicating de-shielding owing to shift of electron density from the nuclei to the coordinate bond. More interesting point is that the shift is greater for TiCl 4 . IPM in comparison to the TiCl 4 .2IPM complex, which 
Polymerization and Polymer Characterization
To investigate the correlation between the nature of complex and its polymerization performance, complexes.(TiCl 4 .IPM and TiCl 4 .2IPM) were evaluated for ethylene polymerizations at high pressure using MAO as co catalyst in toluene at 60 C for 1h. The details of polymerization experiments and the results for the complexes are given in Tab. 6.
The polymerization performance for TiCl 4 .IPM complex was studied at various Al /Ti molar ratio (Tab. 6.). It was observed that the productivity increased as the Al/Ti molar ratio was increased from 200 to 2000. Further increase in Al/Ti ratio resulted in decreased productivity. Increase in Al/Ti ratios resulted in decrease of polymer molecular weight (M w from 4.8×10 5 to 3.2×10 5 ) and increase of polydispersity (4.3 to 4.9). It may be due to prevalent polymer chain transfer mechanism at higher temperatures. Decrease in the productivity may be due to reduction in oxidation state of Ti active center at higher Al/Ti molar ratios. Similarly at higher Al/Ti molar ratios, the titanium sites are becoming more coordinatively saturated by high concentration of MAO. Thermal properties like melting point (MP), heat of fusion ( H f )) and crystallization temperature (Tc) of PE (PE-A to PE-E) with similar trends also shows decreasing trend due to increase in Al/Ti molar ratio. The high melting points are also indicative of high crystallinity of polymer which is due to branchless structure of PE. This was further confirmed by 13 C{ 1 H} NMR spectra (Fig.7) of PE-B, in which a characteristic resonance of methylene(-CH 2 -) was observed at 29.45 ppm indicative of branchless structure of polyethylene.
The broad molecular weight distribution (Mw/Mn, 4.3 to 5.1) observed in all polymers may be attributed to the varying electronic environment around Ti cataion due to various type of isomers formed as per Scheme-1 for TiCl 4 .IPM complexes. The resultant heterogeneity of Ti active centres gets reflected in polyethylene molecular weight showing broad molecular weight distribution, even though the stoichiometry of the complex remained unchanged. Under similar conditions, ethylene polymerizations were conducted using TiCl 4 .2IPM complex as catalyst at different Al/Ti mole ratios in toluene at 60 C for 1 h (Tab. 7). The overall activity of the TiCl 4 .2IPM complex was lower in comparison to TiCl 4 .IPM complex at similar Al/Ti ratios. This can be explained based on the hindered coordination sphere of Ti cation which is now relatively more occupied by the electrons from the two ester moieties, decreasing the Lewis acidity. It results in the lower attraction of π-electrons of ethylene monomer towards Ti cation leading to lower catalyst activity. However, similar trend for polymerization productivity was observed for both the complexes with respect to Al/Ti ratios, with maximum catalyst productivity observed at 2000 Al/Ti molar ratio. Molecular weight characteristics and thermal behaviour of PE-F to PE-J also indicate similar behaviour.
Fig. 7.
13 C{ 1 H} NMR spectra of polyethylene. 
Conclusions
Isopropyl myristate was successfully synthesized using microwave irradiation with increased yield over conventional thermal synthetic process. Soluble TICl 4 and IPM complexes were synthesized and characterized by composition and other spectroscopic techniques like FTIR and NMR. The strong coordination between titanium and carbonyl oxygen for 1:1 complex in comparison to 1:2 complex was established through FTIR and further substantiated through 13 C{ 1 H}NMR. The TiCl 4 and IPM complexes were evaluated for ethylene polymerization under high pressure conditions using MAO as cocatalyst at 60°C. The variation of Al/Ti molar ratio showed 2000 as optimized ratio for maximum polymerization productivity. The trend of molecular weights also supported the explained facts. The PEs obtained were branchless homo polymers as indicated by the high melting temperatures which was further confirmed by 13 C{ 1 H}NMR .The polymer molecular weight distributions were found in the range of 4.1 to 5.6. Further the heterogeneity of Ti active centers have been explained.
Experimental part
Materials
All experimental manipulations were carried out in nitrogen atmosphere using drybox and Schlenk techniques. Myristic acid (99%, CDH, India) and isopropanol (99%) and sulphuric acid (Labort Chemicals, India) were used as such. Titanium tetrachloride (TiCl 4 ), methyaluminoxane (MAO) were commercial products and used as such. Ethylene (purity>99.9%) was used from the commercial plant. Toluene and n-hexane (99%, Labort, India) were used after distillation and drying over molecular sieves.
IPM Synthesis and Analysis
Myristic acid, isopropanol and sulphuric acid were added in the molar ratio of 1:5:0.2. The synthesis was carried out for 10, 20 and 30 min at 60 °C, 80 °C and 100 °C for both the conventional heating and microwave heating based synthesis (Tab. 1.). Sulphuric acid was used as the catalyst and continual removal of water through distillation was done. For the microwave assisted synthesis, Microwave Accelerated Reaction System (MARS-5) of CEM, USA was used and operated at 300W power. The conversion and the purity were determined using Gas Chromatography through quantifying unreacted myristic acid in the reaction system. The elemental analysis (C and H) was carried out in a Perkin Elmer, PE-2400 analyser, and oxygen was obtained by difference to 100%.
Synthesis of Complexes
Stoichiometric amounts of TiCl 4 and IPM in 1:1 and 1:2 mole ratios, as given in Tab. 1, were taken in hexane and stirred at 30°C for 1 hr for the synthesis of six complexes. The yellow colored complexes were isolated by the removal of hexane and further dried under vacuum. Titanium content in the complexes was measured as reported in the earlier publication [16] . Chloride was estimated titrimetrically using Volhard's method (Tab. 2.).
Spectroscopic analysis
FTIR analysis was performed on Perkin-Elmer spectrum GX instrument with 2cm -1 resolution and 32 scans under nitrogen flow. Nujol mull of catalysts were prepared and loaded on KBr discs in glove box and transferred in airtight container to FTIR instrument. Far IR spectra were recorded using CsI for the analysis.
1D and 2D NMR spectra were recorded on Bruker DPX-400 spectrometer in toluened8. 1 H and 13 C measurements were made at frequencies of 400 MHz and 100 MHz, respectively and calibrated with respect to the solvent signal.
1 H, 13 C{ 1 H}, DEPT (Distortion Less Enhancement by Polarization Transfer), HMQC (Heteronuclear Multiple Quantum Coherence) and TOCSY (Total Coherence Spectroscopy) spectra were performed as reported earlier [16] .
Polymerization
All the polymerizations were carried out in 400 ml jacketed continuous stirred reactor. After the addition of toluene, the solution was saturated with ethylene followed by the addition required amount of MAO (10% v/v). Finally a calculated quantity of catalyst was added to start the polymerization. The polymerizations (Tab. 5 and 6) were carried at 60 °C and 5 kg/cm 2 pressure for one hour for different Al/Ti molar ratios. The polymerization was quenched by adding acidified methanol. The polymer product was washed thrice with methanol and dried in vacuum.
Polymer Characterization
Molecular weight distribution was determined using Gel Permeation Chromatograph, PL 220 of Polymer Lab equipped with PLGEL 10 mm MIXED-B 300 × 7.5mm (3 columns) equipped with differential refractive index detector and viscometric detector. The operating temperature of the instrument was set at 140 °C with 1,2,4 trichlorobenzene as the eluting solvent. The calibration was done using standard polystyrene samples. DSC of polyethylene was recorded on Perkin-Elmer DSC-7 with heating rate of 10°C/min, from 50°C to 180°C and hold for 1min at 180°C under nitrogen atmosphere. The crystallization temperature was measured by cooling from 180°C to 50 °C at 10°C/min under nitrogen atmosphere.
